We demonstrated the imaging of local electron transfer-rate differences on a flat conductive carbon substrate, attributed to only surface functional groups, by using a scanning electrochemical microscopy (SECM) technique. These differences were clearly imaged by using a redox mediator with surface state sensitive electron transfer rates, even if the conductivity of each imaging area were almost identical. The carbon electrode surface was masked with a patterned photoresist, and selectively introduced oxygen functional groups using an oxygen plasma treatment. This patterned surface exhibited hardly any topographical features when observed by scanning electron microscopy (SEM), and a height difference of only 1.0 nm was observed with atomic force microscopy (AFM). However, the SECM feedback mode and substrate generation-tip collection (SG-TC) mode are able to distinguish these interfaces with an almost micrometer order resolution by utilizing the difference in the electron transfer rate for the Fe 2+/3+ mediator, and the current ratios for regions rich and poor in oxygen containing groups were 1.5 and 2.0, respectively. This technique could be employed for imaging and monitoring the electron transfer rates on various electrode surfaces, including fluorine and nitrogen terminated surfaces and a monolayer film patterned with micro or nano contact printing techniques.
Introduction
The electrochemical activity of electrode materials is very important, since it directly influences the performance of various electrochemical devices, such as chemical sensors, fuel cells and batteries. Even if two electrodes are made of the same material, their activity varies greatly depending on such factors as the surface functional groups and surface fouling. Carbon electrodes are very widely used as chemical sensors, and electrochemical detectors owing to their wide potential window and low background current. 1 However, a wide variety of structures, including diamond and graphite have been realized, and their surface terminations cause great changes in the surface activity compared with metal-based electrodes. Cyclic voltammetry (CV) has been used to study electrode chemical activity. The magnitude of the peak separations (DEp) for various redox species is employed in the traditional method for studying electrochemical activity. However, the distribution of the activity on a single electrode could not be imaged with the CV technique, since the electrochemical reaction is observed as a total current generated by electrochemical reactions on a single electrode.
A photo-electrochemical method employing, for example, an electrochemiluminescence (ECL) system is a technique that can image the local activity on an electrode as a photo-intensity distribution. 2 However, the redox species available for probing the electrode surface are limited to electrochemiluminescence molecules, such as tris(2,2¢-bipyridine)ruthenium(II)/tri-npropylamine ((bpy)3 2+ /TPrA). In addition, the optical detection equipment needed for imaging the surface makes the system more complicated.
Scanning electrochemical microscopy (SECM) is also capable of imaging local electrochemical reactions and the distribution of electroactive molecules by scanning the ultramicroelectrode (UME) with sub ~10 mm order resolution. 3, 4 This SECM technique has recently been applied to the imaging of local electrochemical activity on carbon materials, such as borondoped diamond (BDD). [5] [6] [7] The Bard and Swain groups have reported the local electrochemical activity on low boron-doped diamond electrodes attributed to a crystal region and a grain boundary layer. 5 With BDD, the density of holes, which are major charge carriers in BDD, is different for each crystal facet because the boron uptake depends on the crystal growth facets. 7, 8 Since the hole density distribution affects the bulk conductivity in BDD, the current distribution is observed with a Ru(NH3)6 2+/3+ mediator, owing to a difference in electron transfer caused by the hole density. 5 9, 10 An Fe(CN)6 3-/4-mediator exhibits high electron transfer rates for carbon surface conditions, such as the existence of an sp 2 edge plane. 9, 12, 13 By using such mediators, it should be possible to use SECM to image the distribution of electrochemical activity caused by surface chemical functional groups. Tenent et al. have reported differences in images between original and oxidized GC electrodes by roughly covering half of GC surface, and the interfaces between the original and oxidized surfaces can be observed. 14 However, it is important to obtain the surface functional group difference at much localized areas, and it should be more difficult to obtain differences in the topology or electrochemically active or inactive surfaces with SECM.
Here, we demonstrate the local imaging of the electrochemical activity of a topologically homogeneous electrode surface, which is mainly attributed to surface chemical functional groups, by using the SECM technique and a surface state sensitive redox mediator. We used the surface of a very flat carbon substrate, 15 whose bulk conductivity was almost identical in its substrate, to obtain images attributed solely to surface functional groups. We masked the carbon surface by patterning it with a photoresist, and selectively introduced oxygen functional groups by using a short oxygen plasma treatment in a micrometer-order region. The properties, such as the O/C ratio, electrochemical activity, and topography were studied with X-ray photoelectron spectroscopy (XPS), CV, and scanning electron microscopy (SEM). We also obtained a topological image of the surface using atomic force microscopy (AFM) to confirm the flatness of the imaged substrate. We imaged this micrometer-order patterned array of oxygen functional groups using both the feedback mode and the sample generation-tip collection (SG-TC) mode of the SECM technique with two types of mediators to measure the electron-transfer differences without the influence of other factors, such as topology.
Experimental

Reagents and chemicals
All of the chemicals were of analytical grade, and were used as received. Hexaammineruthenium(III) chloride, 2-butanone and ammonium iron(II) sulfate hexahydrate were purchased from Sigma-Aldrich (St. Louis, MO). Potassium chloride was purchased from Kanto Chemical Co., Inc. (Japan). Perchloric acid and methanol were obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Ultrapure water (Milli-Q) was used in all of the experiments.
Patterning of oxygen functionalities on carbon electrode
We chose nano-carbon films prepared with the electron cyclotron resonance (ECR) sputtering method as carbon substrates for SECM imaging. We have already reported the surface and electrochemical properties of these films, [15] [16] [17] [18] [19] and their various advantages as regards SECM measurements based on our concept, namely a homogeneous structure over the entire region, sufficient conductivity for electrochemical measurements (>20 S/cm) and an angstrom-level flat surface. 15, 16 A photoresist TSMR-C90LB (Tokyo Ohka Kogyo Co., Ltd., Kawasaki, Japan) was spin-coated on the ECR nano-carbon substrate. The pattern was exposed with a mask aligner PLA-501F (Canon Inc., Tokyo, Japan), developed in NMD-W developer (Tokyo Ohka Kogyo Co., Ltd.), rinsed in ultra-pure water, and then dried in a nitrogen gas flow. The substrate was placed in reactive ion etching (RIE) equipment (Model RIE-200L, SAMCO, Inc., Japan) and treated for 10 s with an oxygen plasma. This plasma-treated substrate was subsequently washed in methyl ether ketone, methanol and ultra-pure water, with 10 min of sonication in each case.
Surface characterization
To evaluate the surface structure, field emission SEM (FE-SEM) and AFM measurements were conducted with an S4800 (Hitachi High-Technologies Corp., Tokyo, Japan) and an SPI4000 (SII NanoTechnology, Inc., Tokyo, Japan), respectively. The FE-SEM images were captured with an acceleration voltage of 5.0 kV and a magnification ranging from ¥1000 to ¥30000. A silicon cantilever was used in air at room temperature for AFM imaging. The images were recorded with dynamic force mode AFM at scan rates of 0.15 Hz with 512 ¥ 512 pixels. C1s and O1s X-ray photoelectron spectra were recorded by using a Quantum 2000 (ULVAC-PHI, Inc., Kanawaga, Japan) spectrometer with Al Ka 1486.6 eV to determine the elemental composition and the number of chemical bonds in the carbon electrode surfaces.
Electrochemical measurements
All of the electrochemical experiments were performed using an ALS/CHI 760B electrochemical analyzer (CH Instruments, Inc., USA). A platinum wire and an Ag/AgCl (3 M NaCl) electrode were used as auxiliary and reference electrodes, respectively. We performed the SECM measurements using our previously reported apparatus. 20, 21 A carbon fiber tip with a radius of about 5 mm was scanned over the ECR nano-carbon substrate at a fixed height of about 5 mm at a scan rate of 0.05 Hz. In the SG-TC mode, we obtained the current with line scanning over the carbon substrate by using a bipotentiostat (ALS/CHI 760B) because of the data-transfer limitation from the bipotentiostat to the data-processing unit of the SECM apparatus.
Results and Discussion
Electrochemical properties of oxygen patterned carbon film
We measured the surface oxygen content of the ECR nanocarbon film before and after an oxygen plasma treatment. The O/C ratios of the oxygen plasma for the treated and untreated regions, determined with XPS measurements, were 0.18 and 0.07, respectively. Although it has been reported that an ECR nano-carbon film surface is hardly oxidized under an electrochemical treatment, and that the O/C ratio increases to 0.10 after a treatment (0 -2.0 V vs. Ag|AgCl with 20 cycles), 19 the plasma process can efficiently introduce oxygen functional groups on its surface. The content of the plasma treated region is 2.6-times higher than that of an untreated region with respect to this patterned ECR nano-carbon film with oxygen functional groups (hereafter, we refer to this sample substrate as patterned ECR nano-carbon).
To confirm the electrochemical activity of this patterned ECR nano-carbon surface, we measured the CV of redox species with carbon films under rich and poor surface oxygen content conditions. Figure 1 shows voltammograms of 1 mM Ru(NH3)6 2+/3+ and 1 mM Fe 2+/3+ with the oxygen plasma untreated, patterned and entirely oxygen plasma treated ECR nano-carbon films. Since it is reported that the electron-transfer rates of Ru(NH3)6 2+/3+ are unaffected by the electrode surface, [9] [10] [11] the voltammograms were observed as a diffusion-limited reversible electrochemical response for all ECR nano-carbon electrodes, as shown in Fig. 1(A) . In addition, the DEp values at all of the electrodes were almost the same, indicating that the Ru(NH3)6 2+/3+ mediator showed sufficiently high electrontransfer rates regardless of the surface oxygen content.
In contrast, the DEp values of Fe 2+/3+ , whose electron transfer rate is greatly affected by the surface oxygen functional groups, 9,10 are different for the three electrodes, as shown in Fig. 1(B) . The oxygen plasma untreated and entirely treated ECR nano-carbon exhibit DEp values of 670 and 130 mV, respectively, at a scan rate of 100 mV/s. The reduction in this DEp value after an oxygen plasma treatment is caused by an increase in the surface oxygen content of the ECR nano-carbon film. 19 With the patterned ECR nano-carbon, two oxidization peaks at 570 and 840 mV and one reduction peak at 380 mV were observed in a voltammogram (the dotted line in Fig. 1(B) ).
To study the electron-transfer rates between the redox species and the surface of our patterned ECR nano-carbon film in detail, we also obtained voltammograms as a function of the scan rate. Figure 2 shows voltammograms that we obtained for 1 mM Ru(NH3)6 2+/3+ and 1 mM Fe 2+/3+ with patterned ECR nano-carbon films at 10, 50, 100, 300, and 1000 mV/s. With Ru(NH3)6 2+/3+ , almost reversible electrochemical responses were observed, as shown in Fig. 2(A) ; the DEp value at a scan rate of 1000 mV/s was 77 mV, as shown in Fig. 2(A) . In contrast, Fig. 2(B 
720 mV, respectively, at a scan rate of 1000 mV/s. These peak separations are not the result of the resistance of the ECR nano-carbon film itself, because no iR drop has been observed in Ru(NH3)6 2+/3+ voltammograms in the same current range. These two oxidization and reduction peaks for Fe 2+/3+ clearly indicate that this patterned ECR nano-carbon surface has two interfaces with high and low electron transfer rates for Fe
, corresponding to regions of high and low oxygen content, respectively. We used this patterned ECR nano-carbon film to image the electron-transfer rate differences caused by the surface chemical functionalities, since this film has a very flat surface, and therefore can eliminate other factors that affect the SECM response, such as the surface roughness.
Topography of oxygen patterned carbon film
We also measured the topography of our patterned ECR nano- carbon with SEM and AFM techniques to confirm the influence of the oxygen plasma treatment. When using the SECM technique with fixed height scanning, the sample steps and roughness affect the tip current signal because the current signal strongly depends on the distance between the tip and the substrate, as shown by the approach curve. 3, 22, 23 Therefore, it is difficult to image only the electron-transfer rate of the surface, if the surface is deeply etched during a modification of the patterned oxygen functional groups with the plasma process. This is because the SECM current could also reflect topological information.
Figures 3(A) and 3(B) show SEM images of the patterned ECR nano-carbon film. Figure 3(A) indicates that this patterned ECR nano-carbon surface has light and dark regions, which correspond to the oxygen plasma treated and untreated regions, respectively. Since the SEM technique reflects the surface electronic properties and/or backscattering, 24 this contrast difference does not only reflect the topographical difference. To enable us to observe only the topography of patterned ECR nano-carbon with the SEM technique, we used an ion coater to form a 1-nm thick Pt coating so as to eliminate any differences in surface electronic properties. After Pt coating, the contrast differences disappeared, and no topographical steps were observed in our patterned ECR nano-carbon, as shown in Fig. 3(B) . We confirmed that there were no topographical steps with both ¥1000 and ¥30000 magnification imaging. This indicates that there was hardly any difference between the heights of the oxygen plasma treated and untreated surfaces at the resolution provided by the SEM technique.
We also obtained topographical images of patterned ECR nano-carbon with the AFM technique, since the spatial resolution of AFM is conventionally better than that of SEM. AFM images of this patterned ECR nano-carbon surface indicate that the widths of the oxygen plasma treated and untreated regions were 12 and 28 mm, respectively. Slight steps were observed at the boundary of the two surfaces, as shown in Fig. 3(C) . Since the original ECR nano-carbon film had an ultraflat surface, 15 these etched regions could result from slight etching caused by the short oxygen plasma treatment. However, the etching depth was very shallow at only 1.0 nm, as shown in Fig. 3(D) . In addition, the average flatness (Ra) values obtained from a 500 ¥ 500 nm area in an AFM image for oxygen rich and poor regions were 0.7 and 0.8 Å, respectively. Since the Ra for the original ECR nano-carbon is 0.7 Å, 15, 19 our plasma process introduced oxygen-containing groups on the surface while maintaining the surface roughness. This 1.0 nm height step and ultraflat surface did not affect the current signal obtained at a tip with a sub ~10 mm radius, since sample steps about one thousand times smaller than this could not be detected with the SECM technique, as shown by the approach curve. 3, 22, 23 Therefore, our patterned ECR nano-carbon film, which almost maintains its flat surface, is a suitable sample for imaging only the surface state derived electrochemical activity at a micrometer level with the SECM technique.
SECM negative feedback mode and SG-TC mode imaging for patterned ECR nano-carbon film
With the SECM measurement in the feedback mode, current variations are observed as negative or positive feedback when the tip is close to the insulating or conductive substrate, respectively. When the UME approaches an insulating substrate, the tip current decreases due to the interference of the redox molecules diffusing from the bulk solution to the tip. In contrast, as the UME approaches a conductive substrate, the tip current increases owing to regeneration of the redox molecules. This technique is used for recognizing conductive and insulating surfaces and for imaging the insulator topography. 20, 25, 26 We imaged the patterned ECR nano-carbon film by using this SECM feedback mode with Ru(NH3)6 2+/3+ and Fe 2+/3+ mediators to image locally the electrochemical activity attributed to surface chemical functional groups. When the feedback mode is used with the Ru(NH3)6 3+ mediator, a current variation should be observed as a positive feedback signal in all regions, since ECR nano-carbon material has a homogeneously high conductivity (>20 S/cm) 16 and a high electron transfer rate, as observed in the voltammogram (Fig. 1(A) ). However, with the Fe 2+ mediator at the patterned ECR nano-carbon film, the condition needed to obtain a positive feedback signal depended on the amount of surface oxygen functional groups, because the overpotential of the Fe 2+ mediator changed greatly with the surface oxygen content, as shown in Fig. 1(B) . Tenent et al. have reported SECM SG-TC images for the boundary between original and electrochemically oxidized GC electrode, 14 however, electrochemical oxidation makes the electrode surface rough, 19 and the feedback current could contain effects of a rough surface and surface oxygen-containing groups. Our patterned substrate can eliminate this surface roughness, which affects the SECM response. Figure 4 (A) shows a conceptual diagram of imaging for patterned ECR nano-carbon in the feedback mode at a fixed height from the substrate (about 5 mm). The tip potential was set at -0.4 V so as to reduce the Ru(NH3)6 3+ mediator (see Supporting Information). Figure 4(B) shows the current obtained at the tip, which is scanned by passing it over the patterned line of oxygen functional groups in the presence of Ru(NH3)6 3+ mediator. Since the diffusion-limited current (i•) for the Ru(NH3)6 3+ mediator with this tip is -2.0 nA, the -4.6 nA current increase obtained at the tip is the result of a positive feedback effect. However, there was no difference between the currents of the surface oxygen content rich and poor regions, owing to the homogeneously high conductivity, the almost flat surface, and the high electron-transfer rates.
With Fe 2+/3+ , the tip potential was set at 0.6 V to oxidize the Fe 2+ mediator (a voltammogram is shown in Fig. S1 ). The Fe than the oxygen-poor region, owing to its high electron transfer rate for Fe 2+/3+ in spite of a similar roughness of both surfaces. In this experiment, we used a UME with a radius of 5.5 mm, which we calculated using the voltammogram shown in Fig. S1 , in order to prove the validity of the concept for imaging electrochemical activity differences in flat and homogeneous electrode material. Therefore, relatively broad peaks were obtained. Since the resolution of this SECM technique is determined by the tip radius, it should be improved if we use a much smaller UME, which we reported previously. 20 Figure 4(D) shows SECM images obtained under the same conditions used to obtain Fig. 4(C) , and the line profile indicated by the line in Fig. 4(D) is also shown in Fig. 4(E) . This SECM image shows that the electrochemical activity is clearly recognized with the Fe 2+ mediator. The distance between each current peak is 39 mm, which is almost the same as the value of 40 mm obtained with the AFM technique.
We also imaged the patterned ECR nano-carbon surface using the SECM SG-TC mode. In the SG-TC mode, the tip detects the diffusion-limited current of a redox species generated at the biased substrate. Since the SG-TC mode is capable of tuning the substrate potential, the tip is able to image the electrochemical activity of the substrate for various potentials. Figure 5(A) shows a concept diagram of the SG-TC mode, which is different from the feedback mode in terms of the use of a bipotentiostat. In the SG-TC mode, we performed measurements using one line-scanning on the patterned surface (not imaging), owing to the data-transfer limitation from the bipotentiostat to the data processing unit of the SECM apparatus. Figure 5 (B) indicates the current obtained at the tip, which was scanned over the patterned line of oxygen functional groups (direction A), as shown in Fig. 5(A) . We used a Ru(NH3)6 3+ mediator, and the applied potentials for the patterned ECR nanocarbon film and the tip were -0.4 V (reduction potential) and 0 V (oxidation potential), respectively. This is very similar to the result observed for the feedback mode. It has been reported that the current distribution is observed in SG-TC images for a BDD surface with a Ru(NH3)6 3+ mediator. [5] [6] [7] Our result is clearly different from the previously reported SECM images for a BDD substrate, because these current distributions for BDD substrates mainly reflect the bulk conductivity distribution, which is caused by the hole density difference derived from the boron concentration. Figure 5 (C) indicates the results of line scanning, which results from changing the substrate potential by using 1 mM of the Fe 2+ mediator. The tip potential was 0.3 V, and the tip was scanned in the direction shown as direction A in Fig. 5(A) . In this case, high and low current regions were observed on the patterned ECR nano-carbon surface. Since, the current obtained at the tip for direction B was almost unchanged (see Supporting Information), these high and low currents could be only caused by oxygen functional group rich and poor surfaces. the patterned ECR nano-carbon and the tip current ratio calculated by dividing the highest current by the lowest current for each potential in Fig. 5 (C). The current difference between the oxygen rich and poor regions increases as the substrate potential increases up to 0.8 V. The highest current ratio value is 2 around 0.8 V, which is similar to the potential value between Eox1 and Eox2 at 1000 mV/s in Fig. 2(B) . Over 0.8 V, the difference decreases because the electrochemical reaction in the oxygen-poor region also has a diffusion-limited response owing to the increased electron transfer of Fe 2+ . Although the CV technique reveals only the area ratios of high and low electron transfer rates on the surface, the SECM technique locally images the high and low electron transfer rates attributed to the surface chemical functional groups. This SECM technique could also image other chemical functionalities, such as that of fluorine, which exhibits an extremely slow electron transfer rate for Fe 2+/3+ and Fe(CN)6 3-/4-on a carbon substrate. By using highresolution SECM techniques, 20, 27, 28 these surface states derived on the electrode could be imaged with sub mm lateral resolution.
